Supplemental Materials: 1 Text file (Text S1) 43 2 Tables (S1-S2) 44 13 Figures (S1-S13) 45 8 Data Sets (Msg sequences for different families) 46 47 48 Pneumocystis, a major opportunistic pathogen in patients with a broad range of 49 immunodeficiencies, contains abundant surface proteins encoded by a multi-copy gene family, 50 termed the major surface glycoprotein (Msg) gene superfamily. This superfamily has been 51 identified in all Pneumocystis species characterized to date, highlighting its important role in 52 Pneumocystis biology. In this report, through a comprehensive and in-depth characterization of 53 459 msg genes from 7 Pneumocystis species, we demonstrate, for the first time, the phylogeny 54 and evolution of conserved domains in Msg proteins, and provide detailed description of the 55 classification, unique characteristics and phylogenetic relatedness of five Msg families. We 56 further describe the relative expression levels of individual msg families in two rodent 57 Pneumocystis species, the substantial variability of the msg repertoires in P. carinii from 58 laboratory and wild rats, and the distinct features of the expression site for the classic msg 59 genes in Pneumocystis from 8 mammalian host species. Our analysis suggests a wide variety 60 of functions for this superfamily, not only conferring antigenic variation to allow immune evasion 61 but also mediating life-stage development, optimizing cell mobility and adhesion, and adapting 62 to specific host niches or environmental conditions. This study provides a rich source of 63 information that lays the foundation for the continued experimental exploration of the functions 64 of the Msg superfamily in Pneumocystis biology.
Abstract

INTRODUCTION
7 gene is termed the conserved recombination joint element (CRJE), which is highly conserved 167 among all msg-A1 genes, and potentially serves as an anchor for recombination (23) . Available 168 data suggest that these msg genes are not expressed unless they are translocated downstream 169 of and in-frame with the UCS (19) (20) (21) (22) . This mechanism allows only one msg-A1 gene to be 170 expressed in a single organism at a given time, although multiple msg-A1 genes are expressed 171 at the population level in immunosuppressed hosts. In phylogenetic analysis of 183 full-length 172 msg-A1 genes from 7 Pneumocystis species (Fig. 2) , these genes cluster by species; as 173 expected, genes from all three rodent Pneumocystis species form a strong monophyletic group 174 ( Fig. 2) . As previously noted (14), the Msg-A1 family in P. jirovecii is composed of two 175 phylogenetically distinct groups; such separation is also seen in P. murina and P. carinii.
176
The Msg-A2 subfamily represents the previously reported msr genes in P. carinii (24, 25) 177 and differs from Msg-A1 as follows: 1) The abundant presence in rodent Pneumocystis, but 178 absence in all other species examined thus far (Table 1) ; 2) The presence of a short intron near 179 the 5' end; 3) The presence of a unique, highly conserved exon 1; and 4) Independent 180 expression of each individual gene (not under the control of UCS). Alignment of 73 full-length 181 msg-A2 genes from rodent Pneumocystis revealed two groups of genes with a size of ~2 kb and 182 ~3 kb, respectively. The group with a larger size contains all 9 Msg domains while the other 183 group lacks three of them (M5, M6 and C1). In phylogenetic analysis, all msg-A2 genes from P. 184 carinii form a strong clade (with 99% bootstrap support) while msg-A2 genes from P. 185 wakefieldiae intersperse among msg-A2 genes from P. murina (Fig. S2 ). In P. carinii, 11 msg-186 A2 genes show higher sequence identities to msg-A1 genes compared to other msg-A2 genes 187 (53-63% vs 35-44%), and are clustered together with msg-A1 genes from P. carinii in 188 phylogenetic analysis ( Fig. S3 ). Similarly, one of the 6 msg-A2 genes in P. wakefieldiae shows 189 higher sequence identity to and is clustered with msg-A1 genes.
190
The Msg-A3 subfamily includes genes with substantial sequence identity to the Msg-A1 191 and Msg-A2 subfamilies but without the CRJE element of the msg-A1 genes or the highly 192 conserved exon-1 of the msg-A2 genes (Fig. S4) . This subfamily has a significant expansion in 193 P. jirovecii with 33 copies but only 1 to 6 copies in other species (Table 1) . With an overall highly 194 variable 5'-end leader, members of this subfamily are expected to be expressed independently, 195 similar to the Msg-A2 subfamily. Nevertheless, 5 of the 6 msg-A3 genes in P. murina contain a 196 ~600 bp leader sequence with significant identity and structural similarity to the UCS (termed 197 UCS-like), including a relatively long intron (Fig. 4) . These 5 genes are distributed in different 198 chromosomes. Based on reverse-transcription PCR studies, each of these 5 genes was 199 expressed independently (Text S1). Of note, the Msg-A3 subfamily encompasses both the Msg-200 8 II and Msg-III families reported by others (17), as illustrated in Fig. S5 . Given the complex 201 clustering patterns in phylogenetic analysis and unknown functions of these genes, it appears 202 not meaningful to further divide the Msg-A3 subfamily.
204
Msg-B family. This represents the only Msg family completely absent in all rodent 205 Pneumocystis sequenced to date, but with exceptionally high abundance in P. jirovecii (Table   206 1). With a highly variable 5'-end leader, members of this family are expected to be expressed 207 independently. In phylogenetic analysis ( Fig. S6 ), the family is separated into two major groups, 208 which also differ in size (1.3 kb and 1.6 kb, respectively).
210
Msg-C family. The prominent characteristics of this family are its significant presence in 211 P. murina and unique chromosomal organization ( Fig. S7 ). This family consists of a tandem 212 array of 6 genes in chromosome 17 of P. murina, which represents the largest tandem array of 213 genes of the same family identified so far in any Pneumocystis species. In contrast, there are no 214 more than two msg-C genes in other Pneumocystis species. The two msg-C genes in P.
215
wakefiediae share a similar size, intron-exon structure and domain compositions (N1, M2 and 216 M3) with msg-C genes in P. murina. However, in all other species examined, the msg-C genes 217 are smaller (0.8-1 kb) with different intron-exon structures, and/or lack the highly conserved 218 exon-1 sequence of P. murina. In addition, they have different domain compositions and are 219 only distantly related to the 6 genes in P. murina by phylogenetic analysis (Fig. S7 ).
220
Furthermore, the chromosomal arrangement of the msg-C genes in P. jirovecii and P. macacae 221 is different from that in rodent Pneumocystis (Fig. S7C ). It is likely that the msg-C genes in P. 222 carinii, P. jirovecii and P. macacae represent degenerate genes or pseudogenes, as supported 223 by the low-level transcription of this gene in P. carinii (Table 2) .
225
Msg-D family. This family is related to the previously reported A12 antigen gene in P. 226 murina (26). Like Msg-A3 subfamily and Msg-B family, this family is rarely present in rodent
227
Pneumocystis but significantly expanded in P. jirovecii and perhaps in P. macacae as well 228 (Table 1) . However, most of the Msg-D members contain 6 conserved domains ( (Table 1 ) and among the most highly expressed families in 239 rodent Pneumocystis (Table 2) . Members do not cluster by species in phylogenetic analysis 240 ( Fig. S9 ). In P. murina there are three members with a nearly identical sequence and molecular 241 size (termed p57), which are located in separate chromosomes (1, 30). Each of these 3 genes 242 is present as a tandem array with one msg-A2 gene and one msg-A1 gene located downstream
243
(1). Homologs to these 3 genes are also present in three separate chromosomes of P. 244 wakefieldiae though their downstream genes have not been identified presumably due to 245 incomplete genome assembly. No other species sequenced to date have close homologs to 246 these 3 genes. These findings further suggest that duplication of the p57 gene in P. murina and 247 P. wakefieldiae occurred before separation of these two species, or there was introgression. The relative expression level for each gene was estimated using RNA-Seq data from 259 three heavily infected laboratory animals each for P. murina and P. carinii as previously 260 described (1). RNA-Seq data indicate that all msg genes in P. murina and P. carinii are 261 transcribed except for two unclassified msg genes in P. murina and 5 msg-A2 genes in P. carinii 262 (Table 2) . Strikingly, the UCS gene in both P. murina and P. carinii was the most highly 263 expressed protein-coding gene of the whole genome (with their FPKM values being more than 264 100 times higher than the median expression level for the whole gene set); as expected,
265
individual msg-A1 members were expressed at lower levels. This high expression level is 266 consistent with SDS-PAGE analysis of Pneumocystis proteins, which demonstrates that Msg is 267 the most abundant protein as estimated by Coomassie blue staining (1). In P. murina, the 10 highest expression level of individual Msg genes was observed in the Msg-C family, followed by 269 the Msg-D, Msg-E, Msg-A3 and Msg-A1 family or subfamily, all of which showed an expression 270 level at least 3 times higher than the median of the whole gene set. The expression level of the 271 Msg-A2 family was slightly higher than the median. In P. carinii, the highest expression level 272 was observed in the single Msg-D gene, followed by the Msg-E family, both of which showed an 273 expression level at least 11 times higher than the median. The expression level of the Msg-A 274 family (including all 3 subfamilies) was similar to the median.
276
Significant diversity of UCS in Pneumocystis from 10 mammalian host species
277
UCS has been previously reported for P. murina, P. carinii, P. wakefieldiae and P.
278
jirovecii (19) (20) (21) (22) 31) . In the present study we identified UCS in Pneumocystis infecting rhesus 279 macaques, dogs, rabbits, chestnut white-bellied rats, Müller's giant Sunda rats, Asian house 280 rats and Polynesian rats. Details about the nomenclature of these mammalian species and
281
Pneumocystis species are listed in Table S1 . As shown in Fig. 3 , the Pneumocystis UCSs from 282 all these animals show the sequence organization in known UCSs, including two exons that are 283 interrupted by a variably sized intron. While exon 1 is identical in size (97 bp) among all UCSs, 284 exon 2 is highly variable in size, with the shortest size present in P. oryctolagi (230 bp) and the 285 longest in P. murina (314 bp).
286
The predicted UCS protein sequences vary in size from 110 to 138 amino acids, with 24-287 97% sequence identity ( Fig. S11 ). Despite these variations, all UCSs contain a pair of basic 288 amino acid residues in the carboxyl end, Lys-Arg, known as the KR site (20, 32, 33) .
289
Phylogenetic analysis showed a clear separation between the UCSs in Pneumocystis from 
294
Similar to exon 2, the intron is also highly variable in size, with the shortest present in P.
295
carinii (150 bp) and the longest in P. oryctolagi (515 bp). In addition, different levels of inter-or 296 intra-strain sequence variation were observed in UCSs from P. carinii, P. wakefieldiae, P. 297 macacae and P. oryctolagi (Text S1 and Figs. S12-S13). The highest variation was observed in 298 P. oryctolagi isolates, which displayed extensive inter-and intra-strain variations, including two 299 SNPs in exon 2 and many SNPs, indels and tandem repeat variations in the intron (Fig. 5 ).
301
Substantial variation of the msg-A1 gene repertoires in P. carinii from laboratory and wild 302 rats.
303
To compare the msg diversity between Pneumocystis from laboratory-bred animals and 304 that from wild animals, we analyzed the restriction fragment length polymorphism (RFLP) 305 patterns of the msg-A1 repertoires in P. carinii from 8 wild Norway rats collected in Ontario,
306
Canada in comparison with P. carinii from 8 laboratory Norway rats collected in three different 307 animal facilities in USA. P. carinii from all laboratory rats showed an almost identical RFLP 308 pattern while substantial variations in the RFLP patterns were observed within P. carinii isolates 309 from wild rats and between P. carinii from wild and laboratory rats ( Fig. 6) 
310
To further confirm these variations, we determined the full-length msg-A1 sequences in 311 P. carinii from one wild rat by Sanger sequencing of cloned PCR products. Sequence analysis 312 of 28 random clones identified 13 unique msg sequences, with an identity of 78-96% at the 313 nucleotide level and of 63-95% at the amino acid level. All but 1 of these 13 genes were clearly 314 different from the 65 msg-A1 genes of P. carinii from laboratory. In phylogenetic analysis, msg-315 A1 genes from wild and laboratory rats were interspersed (Fig. 2) . These findings suggest a 316 closely related but clearly distinct repertoire of msg-A1 genes in P. carinii from wild and 317 laboratory rats.
319
DISCUSSION 320
Over the past several decades, Msg has been the most extensively studied molecule in 321 Pneumocystis, primarily due to its abundance, its role in pathogen-host interactions and its 322 potential as a target for diagnosis of Pneumocystis infection. In this report, we present an in-323 depth analysis of the msg domain structure and the characteristics of each individual msg family 324 or subfamily, including new msg genes identified from P. oryctolagi, P. macacae, P. canis, P. 
330
The Msg superfamily, particularly in P. jirovecii (179 members), represents the largest 331 surface protein family identified to date in the fungal kingdom (34), which is surprising for an 332 organism whose genome size is the smallest in the fungal kingdom sequenced to date, after the 333 intracellular Microsporidia (35). msg genes are unique to Pneumocystis and account for 3-6% of 334 the total genome, suggesting a critical role in the organism's survival (1). The vast majority of 12 msg genes are clustered in subtelomeric regions, which are presumably advantageous to foster 336 DNA recombination and antigenic variation as has been found for surface protein genes in other 337 pathogens (36). Their positioning is consistent with the notion that subtelomeric regions are 338 favorable locations for fungal pathogens to acquire novel genes and foster evolution (37, 38).
339
By domain structure, phylogenetic analysis and expression control mechanisms, we 340 have been able to classify the Msg superfamily into discrete families and subfamilies. Our 341 classification based on exhaustive cataloging of msg genes from multiple Pneumocystis species 342 is more comprehensive than the one described in a recent report, which was based on a limited (17). We also did not subdivide the msg-A3 347 subfamily due to the complex clustering patterns in phylogenetic analysis ( Fig S4) and unknown 348 functions of these genes. This classification will likely be refined when our understanding of the 349 function of Msg is improved and this superfamily is better characterized for other Pneumocystis 350 species.
351
Based on our analysis, there is substantial conservation among most Msg families or 
363
The functions of Msg remain unknown or poorly understood. To date, the best studied 364 genes of the Msg superfamily are those classical Msg genes in the Msg-A1 family, whose 365 expression is regulated by the single-copy UCS expression site, which allows antigenic variation 366 through DNA recombination (14, 17) . Such variation can potentially serve as a mechanism to 367 facilitate evasion of host immune responses, enabling the organism to persist longer in the host 368 and transmit to a new host. This mechanism is presumably operational only in 369 13 immunocompetent hosts. The expression of all msg-A1 variants in a given lung is presumably a 370 consequence of immunodeficiency. For all three Pneumocystis species with nearly fully 371 sequenced genomes, the msg-A1 genes account for approximately 50% of all msg genes, 372 supporting their potential to efficiently generate a large number of variants allowing immune 373 evasion. In support of this hypothesis, our RNA-Seq analysis of P. murina and P. carinii 374 revealed an exceptionally high-level expression of UCS and a variable level expression of all 375 individual msg-A1 genes ( Table 2) .
376
UCS is known to have a highly variable number of tandem repeats in the intron in P.
377
jirovecii (20, 39, 40) . In this study, we demonstrated for the first time the presence of inter-and 378 intra-strain variations in tandem repeats in the intron of UCS in P. carinii and P. oryctolagi. UCS 379 appears to have a higher degree of variation in tandem repeats as well as SNPs compared to P. 380 jirovecii UCS. The intron in UCS (150-515 bp) is among the longest introns in Pneumocystis 381 species studied to date. The retention of such a long intron with high variability in these species 382 in an otherwise highly reduced genome suggest a critical role in organism survival, e.g.
383
transcriptional regulation by a recursive splicing mechanism (41, 42).
384
Of note, while UCS is present as a single copy gene per genome in all Pneumocystis 385 species, there are 5 msg-A3 genes in P. murina, each of which contains an UCS-like leader 386 sequence (Fig 3) and is expressed at a relatively high level independent of the classic UCS 387 (Table 2 ). These may have arisen from gene duplication in P. murina; alternatively, it is 388 possible that a common ancestor of Pneumocystis had multiple UCSs, which have been 389 gradually lost as a result of evolving an efficient recombination system involving only a single 390 UCS (for the msg-A1 family),
391
Previous studies have demonstrated a conservation of the msg-A1 repertoires in 392 Pneumocystis in colony-bred laboratory rats and mice in contrast to the highly variable msg 393 repertoires in P. jirovecii (14), suggesting a homogeneous population of rodent Pneumocystis 394 due to closed breeding conditions. In support of this, we observed substantial variations in the 395 RFLP patterns within P. carinii isolates from wild rats and between P. carinii from wild and 396 laboratory rats, supporting the former possibility. These variations may reflect the difference in 397 immune system development and modulation in wild animals as they are continuously exposed 398 to high levels of immune challenges in an open environment and experience high levels of 399 infection with a wide range of pathogens (43) (44) (45) . We hypothesize that this diversity is driven in 400 part by a need for antigenic variation in response to T cell rather than B cell mediated immune 401 responses, and potential adaptation to the diverse HLA repertoire that would be present in a 14 natural community of host species (46) versus the limited diversity present in inbred 403 communities.
404
Domains M1 to M5 of msg-A1 encoded proteins likely arose by gene duplication given 405 their conserved pattern of cysteine residues, and in fact only a single M domain is categorized in 406 PFAM. However, more detailed analysis clearly allows the identification of 5 related but unique 407 domains. It is noteworthy that by phylogenetic analysis, individual domains are more closely 408 related to each other across species than to other M domains in the same species, which 409 suggests that there is a critical function for each domain and its evolution is restricted by 410 negative selection. Further, given that msg-A1 encoded proteins with these domains have been 411 identified in all Pneumocystis species studied to date, this gene organization appears to have 412 developed in an ancestor common to all Pneumocystis species, and may have been a critical 413 factor that allowed Pneumocystis to successfully infect mammalian hosts.
414
Unlike P. jirovecii, and perhaps P. macacae, P. canis and P. oryctolagi, rodent 415 Pneumocystis (P. murina, P. carinii and P. wakefieldiae) have a large number of msg-A2 genes, 416 which are only slightly less frequent than msg-A1 genes. Previous studies of P carinii have 417 shown that msg-A2 genes are expressed independent of the UCS (24, 25). Nevertheless, the 418 possibility of homologous recombination between msg-A2 and msg-A1 genes cannot be ruled 419 out due to their high sequence identities, as previously suggested (13, 47) . Eleven msg-A2 420 genes in P. carinii show higher identities to msg-A1 genes than to other msg-A2 genes in this 421 organism. It is likely that these 11 msg-A2 genes (the second exons) have arisen as a result of 422 reciprocal recombination with msg-A1 genes (through a mechanism unrelated to UCS or CRJE).
423
While it appears that msg-A2 expression is not regulated by UCS, nothing is known yet about 424 what mechanisms control the msg-A2 expression, or whether the msg-A2 family contributes to 425 antigenic variation in response to immune pressure, environmental changes, or life cycle 426 phases. The presence of a long monoguanosine repeat in some msg-A2 genes has raised the 427 possibility that variation in the length of this repeat may cause frameshifts, thus altering the 428 amino sequence downstream of the repeat (13, 47). However, based on the high-throughput 429 genome sequencing data with at least 150 X coverage (1), sequence reads for the 430 monoguanosine repeat region in all involved msg-A2 genes appeared highly uniform though a 431 small number of reads (< 5%) showed different numbers of repeats. We could not determine if 
451
In support of this hypothesis, one such gene of the msg-E family in P. murina, termed p57, has 452 been shown to be a stage-specific antigen that is expressed exclusively on intracystic bodies 453 and young trophic forms, suggesting a role in the Pneumocystis life cycle development (30).
454
In conclusion, despite a highly reduced genome, Pneumocystis is equipped with a large 455 complex superfamily of msg genes. These genes exhibit conservation among msg families and 456 subfamilies across different Pneumocystis species, as well as species-specific expansions or 457 contractions. The versatility of these genes may mirror their association with a wide variety of 458 functions, rather than just conferring antigenic variation to allow immune evasion as previously 459 believed. Our results provide a rich source of information that lays the foundation for the 465 murina, P. carinii and P. jirovecii was from our previous studies (1, 15, 18) , which are available 466 from the NCBI Umbrella project PRJNA223519 at 467 http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA223519. In this study we obtained 468 additional Pneumocystis msg and UCS sequences from various animals as listed in Table S1 , 469 which includes new, tentative names for Pneumocystis organisms not reported previously;
amplified an 8-kb fragment from P. wakefiediae DNA and sequenced its full-length by Sanger 539 sequencing with primer-walking. From a draft P. wakefiediae genome assembly we identified 540 members of the msg-A2, msg-A3, msg-D and msg-E families or subfamilies based on homology 541 to known genes in P. murina, P. carinii and P. jirovecii (1). Full-length msg-A1 genes sequences 542 were unable to be assembled from the short HiSeq reads (16). 543 544 msg-A1 sequences of P. carinii from wild rats.
545
To determine whether the msg-A1 repertoires are identical in P. carinii from wild and 546 laboratory Norway rats, we performed RFLP analysis of P. carinii isolates from 8 wild rats in 547 comparison with 8 laboratory rats. The msg-A1 repertoires were amplified by PCR using primers 548 RSG.f10 and RSG.r8 (Table S2 ), which are located in the highly conserved regions at the 549 beginning and end of the msg coding regions, respectively, among 57 known full-length msg-A1 550 genes in P. carinii (1). Amplification was performed using the LongAmp Master Mix (New
551
England Biolabs) with the follows parameters: 94°C for 2 min and then 35 cycles at 94°C for 15 552 sec, 55°C for 30 sec, and 68°C for 3 min, with a final extension at 68°C for 5 min. PCR products 553 were purified and subjected to restriction digestion with DraI (New England Biolabs) at 37°C for 554 2 h. The resulting digests were purified and separated in 2% E-gel containing ethidium bromide 555 (Invitrogen, Carlsbad, CA).
556
The msg-A1 repertoire from one wild rat (no. R5), which showed a distinct RFLP pattern 557 compared to laboratory rats, was chosen for sequencing after PCR amplification using the 564 macacae sample were aligned to all known full-length msg-A1 genes of P. jirovecii (1), resulting 565 in at least 1,000 reads for the very 5'-and 3'-end of the msg-A1 coding regions, respectively.
566
Two primers (KSG.f3 and KSG.r2. Table S2 ) were designed from highly conserved regions 567 based on alignment of these reads. The full-length msg-A1 repertoire in P. macacae was 568 amplified using these two primers and the LiSpark Max SuFi PCR Master Mix kit, followed by 569 subcloning into the pCR-XL-2 TOPO vector as described above. Two clones containing the full-570 length msg-A1 gene were sequenced commercially by Sanger sequencing.
For other msg families and subfamilies, we identified a small number of representative genes 572 from a partial genome assembly of P. macacae based on homology to known genes in P. 573 murina, P. carinii and P. jirovecii (1).
574
For P. canis and P. oryctolagi, a small number of genes representing each msg family 575 were identified from a partial genome assembly of P. canis and P. oryctolagi, respectively. 
578
UCS and its 5'-UTR sequences in P. macacae, P. canis and P. oryctolagi were first obtained by 579 assembling Illumina HiSeq reads from whole genome sequencing as described above, followed 580 by confirmation by PCR amplification and Sanger sequencing of genomic DNA. Based on 581 sequence alignment of these UCSs and know UCSs of P. murina, P. carinii, P. wakefieldiae and 582 P. jirovecii, we designed one forward primer (5UTR) from the conserved region in 5'-UTR and 583 one reverse primer (CRJE.r3) from the conserved region in CRJE (Table S2 ). This primer set 584 was used to amplify the UCS along with its 5'-UTR in Pneumocystis from other mammal species 585 including dogs, rabbits, chestnut white-bellied rats, Müller's giant Sunda rats, Asian house rats 586 and Polynesian rats ( Fig. 4 and Table S1 ). To study the variability of UCS and its downstream 587 msg-A1 coding region in different P. oryctolagi isolates, PCR was performed using a pair of 588 primers OSG.f3 and OSG.r9, which are located at the very 5' end of UCS and one highly 589 conserved region near the 5' end of the msg-A1 coding region (Table S2 ). All PCR products 590 were sequenced directly and/or after subcloning into the pCR2.1 TOPO vector as described Results represent a potentially complete set for P. murina, P. carinii and P. jirovecii as described in reference (1) but only subset 832 members for the other four species listed, whose genome sequencing is still in progress.
b
Based on P. murina, P. carinii and P. jirovecii genes with complete or nearly complete reading frames.
834
c Subfamilies belonging to msg-A family.
d
Conserved recombination joint element, which is unique, highly conserved among all msg-A1 genes. N1  M1  M2  M3  M4  M5  M6  C1  C2 
